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In this study, magnetic snail shell (MSS) prepared by impregnating of iron oxide onto snail shell (SS) powder was 41 
used for removing Cr(VI) from aqueous solution. Among 6 different mass ratios of Fe/SS powder studied, the 42 
MSS25 produced at a ratio of 25% achieved the highest Cr(VI) adsorption capacity. Batch adsorption experiments 43 
were conducted to investigate the adsorption isotherm, kinetics and mechanism of Cr(VI) onto MSS25. The results 44 
illustrated that adsorption of Cr(VI) onto MSS25 reached equilibrium after 150 min at pH 3. The adsorption kinetics 45 
could be well described by the pseudo-second order model (R2=0.986). The Langmuir model (R2=0.971) was the 46 
best-fitting model that described the adsorption isotherm of Cr(VI) onto MSS25. The maximum adsorption capacity 47 
was 46.08 mg Cr(VI) per gram of MSS25. Ion-exchange, electrostatic attraction and adsorption-coupled reduction 48 
were determined as the main adsorption mechanisms of Cr(VI) onto MSS25. The high percentages of CaCO3 and 49 
Fe3O4 found in the MSS25 structure made a significant contribution to the Cr(VI) adsorption process. 50 
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1. Introduction 52 
The discharge of industrial wastewater containing toxic heavy metals into the natural environment is one of the 53 
world’s most serious pollution issues. Hexavalent chromium (Cr(VI)) is one of the most toxic heavy metals and has a 54 
lethal dose of only 0.1 mg/kg body weight. Drinking Cr(VI) contaminated water can lead to serious problems such as 55 
liver damage and pulmonary congestion (Karimi et al. 2012). Cr(VI) often exists in the effluents of industrial 56 
processes such as electroplating, leather tanning, textiles, mining, metallurgy and making fertilizer (Zhou et al. 57 
2016). Therefore, it is necessary to remove Cr(VI) from wastewater before discharging it into the natural 58 
environment. Several technologies to remove Cr(VI) from industrial wastewaters have been reported such as ion 59 
exchange, electrolytic removal, adsorption, chemical precipitation, membrane filtration and solvent extraction 60 
(Bhaumik et al. 2013). Adsorption has been considered one of the most attractive methods due to its cost 61 
effectiveness, simplicity of operation and high removal efficiency, even when contaminants are in small 62 
concentrations in water environments (Mthombeni et al. 2018). Researchers have tried to find adsorbents which are 63 
low cost and have high adsorption capacity. Many natural adsorbents such as agricultural by-products (peanut hull, 64 
corncob, rice straw, walnut hell and mango kernel) (Inyang et al. 2016; Rai et al. 2016), biomass (Spirulina maxima 65 
and Rhizopusnigricans) (Bai R and Abraham 2001; Gong et al. 2005), and natural ore (zeolite; kaolinite) 66 
(Mthombeni et al. 2015; Turan et al. 2007) have been studied.  67 
Biogenic calcium carbonate has been trialed successfully as a cost-effective biosorbent for heavy metals removal (Du 68 
et al. 2011; Hossain and Aditya 2013). Freshwater snail and mussel shells include 95%–99% calcite and/or aragonite 69 
(Hossain et al. 2015). They can be considered as potential cost-effective biosorbents due to their high calcium 70 
carbonate content. Some authors reported that their shell dust could effectively adsorb toxic metals (Du et al. 2011; 71 
Hossain and Aditya 2013; Van et al. 2018). The shell dust of the freshwater snail (Lymnaealuteola) can remove 72 
cadmium from aqueous solution with a high adsorption capacity of 16.66 mg/g being reported (Hossain and Aditya 73 
2013). Mollusk shell powder was also documented for its effective removal of Pb, Cd and Zn from aqueous solutions 74 
with the epitaxial growth of otavite crystal on the surface of calcite (Du et al. 2011). In Vietnam and many countries 75 
in Asia, fresh snail is a very popular food source. A large amount of fresh snail shell is directly discharged into the 76 
environment, which then causes odor issues. A new biosorbent produced from used snail shell can be an economical 77 
solution to: firstly, environmental pollution caused by heavy metals in aqueous environments; and secondly, manage 78 
used snail shells for other practical applications. 79 
Recently, magnetic adsorbents have attracted more scientific attention due to their effective absorptivity and easy 80 
recovery of used materials after the treatment process (Han et al. 2016). These magnetic adsorbents can be 81 
synthesized by impregnating iron onto different materials such as biochar (Shang et al. 2016), activated carbon (Hao, 82 
Wang,Yan, Jiang, & Xu, 2018) or biomass (Akram et al. 2017), etc. However, to the best of our knowledge, no study 83 
has been done on combining snail shell and iron to produce a new magnetic material for Cr(VI) removal from 84 
aqueous solution. The aim of this study, therefore, was to: (i) develop a new absorbent namely magnetic snail shell 85 
(MSS) by impregnating iron oxide onto freshwater snail shell powder; and (ii) evaluate the performance of MSS on 86 
removing Cr(VI) from aqueous solution. The batch experiments under various operational conditions (pH, 87 
impregnation ratio of Fe and snail shell powder, concentrations of MSS and Cr(VI), contact time) were carried out to 88 
understand the behaviors of Cr(VI) adsorption onto MSS and to identify the adsorption mechanisms.  89 
 90 
2. Materials and methods 91 
 92 
2.1. Chemicals 93 
 94 
All chemicals used in this study (FeCl3.6H2O, K2Cr2O7, HCl and NaOH) were purchased from Merck (Darmstadt, 95 
Germany). The Cr(VI) stock solution (1000 mg/L) was prepared by dissolving 0.7024 g of potassium dichromate 96 
(K2Cr2O7) in 250 mL double distilled water. Working Cr(VI) solutions with the desired concentrations were obtained 97 
by diluting the stock solution with double distilled water. 98 
 99 
2.2. Preparation of magnetic snail shell 100 
 101 
Snail shell (Bellamyachinensis) (SS) was collected from local restaurants in Thai Nguyen province, Vietnam. Snail 102 
shell was washed several times with tap water and distilled water to remove any adhering tissue portions. After 103 
cleaning with water, SS samples were air-dried (under sunlight) and then soaked in 0.1 M sulfuric acid solution for 104 
8h and washed again with distilled water to remove any residual acid. The clean SS was then dried at 1000C for 48h 105 
before it was crushed and sieved to a particle size of ≤ 0.5 mm for further experimentation. 106 
Magnetic snail shell (MSS) was prepared according to the method employed by He et al. (2018) as follows. A 107 
predetermined amount of clean SS powder was soaked into the FeCl3 solution of 100 g Fe/L with different mass 108 
ratios of Fe/SS powder, these being 0%, 5%, 10%, 15%, 20%, 25% and 30% (w/w). After agitating for 2h using 109 
magnetic stirrers, the mixtures were dried at 800C. The final dried products were marked as MSS0, MSS5, MSS10, 110 
MSS15, MSS20, MSS25 and MSS30, respectively, and stored in sealed bags before testing. MSS25 presented the 111 
best performance (details are presented in section 3.1) and so was chosen for the detailed characterization and batch 112 
experiments. 113 
 114 
2.3. Characterization of magnetic snail shell 115 
 116 
The morphological characteristics of clean SS, new MSS and MSS after absorption of Cr(VI) (MSS25-Cr) were 117 
determined by an energy dispersive X-ray spectroscopy equipped with EDS and SEM system (HITACHI S-4800), 118 
X-ray diffraction XRD-D8 ADVANCE with the Cu Ka radiation (λ = 1.54 Å). The functional groups of SS, MSS25 119 
and Cr-MSS25 were identified by Fourier transform infrared spectroscopy (FTIR-6300) in the 500–4000 cm-1 range. 120 
The surface area (SBET) of SS and MSS25 was determined by nitrogen adsorption/desorption isotherm at 77.350K 121 
(Coulter, USA). pHPZC was determined via the common pH drift method (Zhao et al. 2016). 122 
 123 
2.4. Batch adsorption experiments 124 
 125 
Batch model experiment was conducted to evaluate the adsorption behavior of Cr(VI) on SS and MSS25 at different 126 
conditions, including impregnation ratio of Fe/SS (w/w) (0%, 5%, 10%, 15%, 20% and 25%), pH (2-12), contact 127 
time (5-240 min), adsorbent dose (10-120 mg/25 mL), and initial Cr(VI) concentration (5–80 mg/L). Batch 128 
experiments were conducted utilizing 50 mL Erlenmeyer flasks containing 25 mL of Cr(VI) solution. The initial pH 129 
of Cr(VI) solution was adjusted to a predetermined value by using HCl 0,1 M and NaOH 0,1M. The flasks were 130 
covered by paraffin before agitating them at 120rpm with a shaker (PH-2A, China). After the adsorption, the 131 
absorbent-absorbate mixture was separated by Whatman No. 1 filter papers (pore size of 11 µm). The total 132 
concentration of Cr(VI) remaining in the solution was determined by using Inductively coupled plasma-optical 133 
emission spectrometry (ICP-OES, Model: ULTIMA EXPERT, Horiba, France). The Cr(VI) amounts adsorbed onto 134 




        (1) 136 
where: C0, Ct and Ce (mg/L) are concentrations of Cr(VI) in solution at the start, any time t, and equilibrium, 137 
respectively; V (L) is the volume of solution and M (g) is the dry weight of used adsorbent. 138 
2.5. Adsorption kinetics 139 
The pseudo-first-order, pseudo-second-order and Elovich models were used to analyze the experimental data in the 140 
kinetics study. The linear form of these three popular models can be written as follows, respectively:  141 









𝑡        (3) 143 
𝑞𝑡 = 𝛽ln(𝛼𝛽𝑡)        (4) 144 
where:qt (mg/g) and qe (mg/g)is the adsorption capacity at time t (min) and at equilibrium, respectively; k1(1/min) 145 
and k2 (g/mg.min)are the rate constant of the pseudo-first-order and pseudo-second-order models, respectively;  146 
(mg/g.min) is the initial adsorption rate;  (g/mg)is the adsorption constant. 147 
 148 
2.6. Adsorption isothern models 149 
The adsorption isotherm equilibrium provides useful data for explaining the adsorption mechanism. In this study, 150 
three adsorption isotherm models Langmuir, Freundlich and Temkin- were employed. The equations for these 151 
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𝑞𝑒 = 𝐾𝐹𝐶𝑒
1




ln⁡(𝐴𝑇𝐶𝑒)       (7) 155 
where: qm(mg/g) is the maximum adsorption capacity, Ce(mg/L) and qe (mg/g) are the concentration of Cr(VI) in 156 
solution and adsorption capacity at equilibrium, respectively; KL(L/mg): Langmuir constant; KF(mg/g):Freundlich 157 
constant; n is the adsorption intensity; AT (L/g): Temkin isotherm equilibrium binding constant; b: Temkin isotherm 158 
constant, R (8.314J/mol/K): universal gas constant; T: temperature at 298K. 159 
 160 
 161 
3. Results and discussion 162 
 163 
3.1. Optimizing the impregnation ratio of Fe and snail shell powder to produce MSS25 164 
 165 
The first set of experiments was conducted by mixing 20 mg of MSS25 produced at different ratios of Fe and snail 166 
shell with 25 mL Cr(VI) solution of 10 mg/L at room temperature (25±20C). The amounts of Cr(VI) adsorbed by 167 
different magnetite SS are presented in Fig. 1. 168 
 169 
Fig. 1 The effect of the impregnation ratios of Fe/SS on Cr(VI) removal of MSS; Experimental conditions: initial 170 
Cr(VI) concentration: 10 mg/L, adsorbent dose: 20 mg/25 mL solution, contact time: 60 min 171 
 172 
Results from Fig. 1 show that Cr(VI) adsorption capacity (q) and removal efficiency of MSS25 were higher than that 173 
of other MSS. The increase in the impregnation ratios of Fe and SS from 0 to 25% led to substantial improvements in 174 
Cr(VI) adsorption capacity and removal efficiency, i.e. from 2.01 mg/g to 7.34 mg/g and from 16.07% to 58.73%, 175 
respectively. Lu et al. (2018) reported that Fe3O4 particles in the absorbent could form outer-sphere complexes with 176 
Cr(VI) and reduced Cr(VI) to Cr(III). However, when increase the impregnation ratio of Fe in SS to 30%, the 177 
removal efficiency of Cr(VI) only increased slightly to 58.93%. The trend of this result is similar to that of recent 178 
study of He et al. (2018). Their results indicate that Fe-impregnated biochar produced at a ratio of 30% did not 179 
significantly increase As removal efficiency compared to that produced at a ratio of 20%. Considering performance 180 
and economic factors, MSS25 produced at a Fe/SS ratio of 25% w/w was chosen for the subsequent experiments. 181 
 182 
3.2. Characteristics of adsorbent 183 
 184 
The BET surface area (SBET) and total pore volume of SS were smaller than 2 m2/g and 0.001 cm3/g, respectively. 185 
After modification, both SBET and total pore volume of MSS25 increased significantly to 69.69 m2/g and 0.104 186 
cm3/g, respectively. The surface morphology and element composition of these adsorbents were shown in the results 187 
of SEM and EDS analyses. MSS25 possessed a more porous and rougher structure (Fig. 2b) than that of SS (Fig. 2a). 188 
Iron particles reacted with carbonate calcium (CaCO3) led to the release of carbon elements and change in structure 189 
of the snail shell. Therefore, MSS25 was more porous and rougher structure than that of SS. This illustrates that iron 190 
oxide was successfully onto biochar’s surface and caused a significant increase in surface are and pore volume (He et 191 
al. 2018). The EDS analysis results (Fig. 2d) indicated that SS was mainly composed of C (28.15%), O (62.28%) and 192 
Ca (9.57%) elements which revealed that the SS were mainly composed of crystalline CaCO3 (Van et al. 2018). 193 
However, Fig. 2e depicts the proportions of elements for C, O, Cl, Ca and Fe in MSS25 were 6.05%, 70.84%, 194 
9.31%, 6.64% and 7.16%, respectively. This indicated that iron oxide was successfully attached on SS’s surface and 195 
this impregnation caused the difference between the surface of SS and MSS25. After MSS25 was used to adsorb 196 
Cr(VI) in solution, the Cr peaks appeared in the used MSS25 (Fig. 2f) and the surface morphology of MSS25-Cr was 197 
changed clearly (Fig. 2c). This clearly indicated the adsorption of Cr(VI) on the surface of MSS25.  198 
 199 
Fig. 2 SEM and EDS of (a, d)-snail shell (SS), (b, e)-magnetic snail shell (MSS25) and (c, f)-magnetic snail shell 200 
after Cr(VI) adsorption (MSS25-25) 201 
 202 
Fig. 3 XRD graphs of snail shell (SS), magnetic snail shell (MSS25) and magnetic snail shell after Cr(VI) adsorption 203 
(MSS25-Cr) 204 
 205 
The XRD data also confirmed the presence of large amounts of CaCO3 in SS. It suggests that SS is a biogenic 206 
aragonite (Fig. 4). In XRD patterns of MSS25, the appearance of new peaks at 30.0o, 35.5o and 63.1o were assigned 207 
as Fe3O4, respectively (Hu et al. 2017; Lu et al. 2018). These results further confirmed that Fe3O4 was successfully 208 
formed onto MSS25. Moreover, the dominant functional groups on the SS, MSS25 and MSS25-Cr surfaces were 209 
identified by the FTIR spectra (Fig. 4). A broad peak at around 3423 cm-1 was assigned to the vibration of O–H 210 
stretching. These peaks at approximately 1629 cm-1, 1469 cm-1, 1497 cm-1, 857 cm-1 and 691 cm-1 contributed to the 211 
carbonate group’s C-O stretching vibration (Van et al. 2018; Tizo et al. 2018). The characteristic bands at 1790 cm-1 212 
and 1078 cm-1 involved the stretching vibration of C=O groups of carbonate ion (Nan et al. 2008; Tizo et al. 2018). 213 
This further confirms that calcite is the major constituent of SS powders. FTIR spectra of MSS25 and MSS25-Cr 214 
presented two new peaks at 1629 cm-1 and 1369 cm-1 in comparison with that of SS. Moreover, the peaks at 3423 cm-215 
1 and 691 cm-1 became larger while the peak at 1497 cm-1 was narrower than that in SS.  216 
 217 
Fig. 4 FTIR graphs of snail shell (SS), magnetic snail shell (MSS25) and magnetic snail shell after Cr(VI) absorption 218 
(MSS25-Cr) 219 
 220 
3.3 Effects of adsorption conditions on MSS25 performance   221 
 222 
3.3.1. Effect of solution pH 223 
 224 
The effect of pH of initial solution on Cr(IV) adsorption of MSS25 was investigated at different pH values, ranging 225 
from 2.0 to 10.0. The experiment was carried out at initial Cr(VI) concentrations of 10 mg/L, 20 mg/L and 30 mg/L, 226 
MSS25 dosage of 20 mg/25 mL solution and contact time of 60 min at room temperature (25±20C). The 227 
experimental results are shown in Fig. 5a. It can be seen that adsorption capacity of Cr(VI) onto MSS25 decreased 228 
when solution pH increased. At pH from 2 to 3, the adsorption capacity of Cr(VI) reached the maximum values of 229 
8.04 mg/g, 13.80 mg/g and 18.89 mg/g at initial Cr(VI) concentrations of 10 mg/L, 20 mg/L and 30 mg/L, 230 
respectively. Meanwhile, the Cr(IV) adsorption decreased sharply when pH values increased from 4 to 10 in all three 231 
initial Cr(VI) solutions. This decline can be explained as being due to: firstly, the effect of pH on the surface 232 
properties of the absorbent; and secondly, the forms of Cr ion in the solution (An et al. 2018; Chen et al. 2018; Zhou 233 
et al. 2016). In acidic conditions, Cr(VI) can be easily reduced to Cr(III) which is adsorbed better than Cr(VI) (Wang 234 
et al. 2014). As well, Cr(VI) mostly exists as HCrO4-and Cr2O72- at pH ranging from 2.0 to 6.4 and CrO42- at pH > 6.4 235 
(Chen et al. 2018; Zhou et al. 2016). The HCrO4- contains less adsorption free energy (-2.5 to -0.6 kcal/mol) than 236 
CrO42-(-2.1 to -0.3 kcal/mol). Subsequently, in the same conditions, CrO42- is more difficult to remove than HCrO4- 237 
(Shang et al. 2016).  238 
Moreover, the zero point of charge (pHPZC) of MSS25 was 7.51 (Fig. 5b). It means that when pH < pHPZC (7.51), the 239 
surface of MSS25 was positively charged. This created significant electrostatic attraction with negatively charged 240 
chromate forms in the solution (Chen et al. 2018). Conversely, when pH > pHPZC (7.51), the surface of MSS25 was 241 
negatively charged which hindered electrostatic force between the adsorbate and adsorbent (Akram et al. 2017). In 242 
addition, an increase in the solution pH led to an increase in the OH- which could then compete with CrO42- to 243 
occupy the active sites of MSS25 (Yang et al. 2018). Similar results have been reported in other studies (Akram et al. 244 
2017; Shang et al. 2016). The results reported by Shang et al. (2016) showed that the maximum Cr(IV) adsorption 245 
onto biochar derived from herb-residue was achieved at pH 2. The optimal pH for the adsorption of Cr(VI) onto bio-246 
composite of mango was reported at pH 3 (Akram et al. 2017). 247 
 248 
Fig. 5 (a) Effect of pH on the adsorption capacity of Cr(VI) onto MSS25 and (b) pHPZC of MSS25. Experimental 249 
conditions: initial Cr(VI) concentrations: 10 mg/L, 20 mg/L and 30 mg/L; contact time: 60 min, adsorbent dose: 20 250 
mg/25 mL 251 
 252 
3.3.2. Effect of contact time 253 
 254 
The effect of contact time on Cr(VI) adsorption was investigated at initial Cr(VI) concentrations of 10 mg/L, 20 255 
mg/L and 30 mg/L, pH of 3.0, absorbent dose of 20 mg/25 mL solution and contact time ranging from 5 to 240 min. 256 
Fig. 6 shows that for the first 150 min, the Cr(VI) adsorbed onto MSS25 increased significantly, from 2.53 to 10.21 257 
mg/g, 4.27 to 17.85 mg/g and 5.09 to 27.20 mg/g at initial Cr(VI) concentrations of 10 mg/L, 20 mg/L and 30 mg/L, 258 
respectively. The reason for this phenomenon is that a large number of active sites on the surface of the absorbent 259 
was available at the beginning (Deveci and Kar 2013). By further increasing the contact time from 150 to 240 min, 260 
the adsorbed amount increased slowly and remained unchanged due to the decline in the number of vacant sites 261 
(Nguyen et al. 2019; Zhang et al. 2018). According to the results documented in this study, the contact time of 150 262 
min was the best for removing Cr(VI) by MSS25 and therefore was used for the subsequent experiments. A similar 263 
equilibrium time of 150 min was also reported in one study of Cr(VI) adsorption on activated carbon prepared from 264 
mango kernel (Rai et al. 2016). 265 
 266 
Fig. 6 Effect of contact time on Cr(VI) adsorption by MSS25; Experimental conditions: initial Cr(VI) concentration: 267 
10 mg/L, 20 mg/L,30 mg/L; adsorbent dose: 20 mg/25 mL; pH: 3 268 
 269 
3.3.3. Effect of absorbent dose 270 
 271 
Adsorbent concentration has been considered to be a significantly factor determined the adsorbent-adsorbate 272 
equilibrium of the adsorption process (Deveci and Kar 2013; Xu et al. 2019). In this study, the dependence of Cr(VI) 273 
adsorption on MSS25 doses was conducted with the amount of adsorbent ranging from 10 to 120 mg/25mL, solution 274 
pH of 3, initial Cr(VI) concentration of 10 mg/L and contact time being 150 min. As seen in Fig. 7, the efficiency in 275 
removing Cr(VI) rose significantly from 35.51% to 94.28% when the MSS25 dose increased from 10 to 40 276 
mg/25mL. It can be explained that with the increase of absorbent dose, the number of activate sites on FSS surface 277 
also rose and led to an increase in the binding sites for complexation of chromium ions (Bai R and Abraham 2001; 278 
Ertugay and Bayhan 2008). The experimental adsorption capacity reached the maximum value of 10.21 mg/g at the 279 
dose of 20 mg/25m. However, when increasing the absorbent dose from 20 to 120 mg/25mL, the adsorption capacity 280 
fell sharply from 10.21 mg/g to 1.98 mg/g due to the overdose of adsorbent. 281 
 282 
Fig. 7 Effect of adsorbent dosage on adsorption capacity and removal efficiency of Cr(VI) by MSS25; Experimental 283 
conditions: initial Cr(VI) concentration: 10 mg/L, contact time: 150 min, pH: 3 284 
 285 
3.3.4. Effect of initial Cr(VI) concentration 286 
 287 
The initial concentration is also an important factor in that it provides a vital driving force to overcome all mass 288 
transfer resistance of metal ion between the aqueous solution and absorbent (Dönmez and Aksu 2002). The effect of 289 
initial Cr(VI) ions concentration from 5 to 80 mg/L was investigated and results are shown in Fig. 8. It can be 290 
observed that adsorption capacity of Cr(VI) onto MSS25 increased from 5.75 mg/g to 39.09 mg/g when increasing 291 
the initial Cr(VI) concentration from 5 to 60 mg/L. However, at initial Cr(VI) concentration of more than 60 mg/L, 292 
the adsorption capacity did not increase any further. On the other hand, the amount of Cr(VI) removed fell from 293 
92.03% to 39.17%, which corresponded to the increase of the initial Cr(VI) concentration from 5 to 80 mg/L. This 294 
can be explained by the increase of contact between activated sites on the absorbent’s surface with adsorbate. After a 295 
certain level of increase in the initial Cr(VI) concentration, the available sites were occupied and saturated. Thus 296 
adsorption capacity of Cr(VI) reached stability (Rai et al. 2016). In addition, the ratio of available activated sites to 297 
Cr(VI) ions was lower at higher Cr(VI) concentration (Bai R and Abraham 2001). Consequently, the Cr(VI) removal 298 
efficiency decreased at the higher concentration. A similar trend on the role of initial Cr(VI) concentration in the 299 
adsorption process has been reported elsewhere such as research on removal of Cr(VI) from aqueous solutions using 300 
wheat shell (P. Das Saha et al. 2012) or walnut hull (X. S. Wang et al. 2009). 301 
 302 
Fig. 8 Effect of initial Cr(VI) concentration on the adsorption capacity and removal efficiency when using MSS25; 303 
Experimental conditions: solution pH: 3, contact time: 150 min, adsorbent dose: 20 mg/25mL 304 
 305 
3.3.5. Adsorption kinetics 306 
The linear fitting kinetic parameters are summarized in Table 1 and Fig. 9. The linear regression coefficient R2 values 307 
in the pseudo-first-order model, pseudo-second-order model and Elovich model were 0.975, 0.986 and 0.971, 308 
respectively. These results show that the Cr(VI) adsorption onto MSS25 fitted well with all three models. The 309 
pseudo-second-order model obtained the highest R2 value. The calculated results of adsorption capacity derived from 310 
the pseudo-second order models (11.72 mg/g) were also close to the experimental data (qe,exp of 11.13 mg/g). This 311 
indicated two things: firstly, the pseudo-second-order model was the best fit for Cr(VI) removal by MSS25. It also 312 
indicated; and secondly, the adsorption of Cr(VI) onto MSS25 was a chemical sorption process.  313 
 314 
Table 1. Kinetics parameters of models on Cr(VI) adsorption by MSS25 315 
Pseudo-first-order Pseudo-second-order Elovich qe, exp (mg/g) 
qe, cal 
(mg/g) 
k1 R2 qe, cal 
(mg/g) 
k2 R2 α β R2 




Fig. 9 Kinetics models of Cr(VI) adsorption onto MSS25; Experimental conditions: initial Cr(VI) concentration: 10 319 
mg/L; adsorbent dose: 20 mg/25 mL; pH: 3; contact time: 150 min 320 
 321 
3.3.6. Adsorption isotherm 322 
The data obtained by fitting the three models are listed in Table 2 and their plots are shown in Fig. 10. With the 323 
highest R2 values (0.971) and the minor difference between calculated qm value (46.08 mg/g) and qexp (39.17 mg/g), 324 
the Langmuir model is considered to be the best one for describing the adsorption of Cr(VI) onto MSS25. This 325 
suggested that the adsorption mainly occurred in the monolayer or through a fixed number of identical sites on the 326 
MSS25 surface. The adsorption also occurred at homogeneous adsorption sites of the MSS25 adsorbent (Shang et al. 327 
2016). Furthermore, the 1/n value (0.339) obtained from the Freundlich model was below 1, which meant that the 328 
adsorption of Cr(VI) on MSS25 was favorable (Yuan et al. 2009).  329 
 330 
Table 2 The adsorption isothermal parameters of Cr(VI) onto MSS25 331 
Langmuir model Freundlich model Temkin model qmexp (mg/g) 
qm (mg/g) KL R2 KF 1/n R2 AT b R2  




Fig. 10 Adsorption isotherm of Cr(VI) onto MSS25; Experimental conditions: adsorbent dose: 20 mg/25 mL; pH: 3; 335 
contact time: 150 min 336 
 337 
3.3.7. Adsorption mechanism 338 
 339 
The adsorption mechanism of toxic metals onto carbonate-rich materials was controlled by (1) pore filling, (2) 340 
electrostatic attraction (out-sphere complexes), (3) non-electrostatic attraction (inner-sphere complexation), (4) 341 
surface precipitation and (5) cation exchange (Alidoust et al. 2015). In this study, the adsorption mechanisms of 342 
Cr(VI) were also affected by the surface properties of MSS25. As previously discussed, the MSS25 adsorbent 343 
exhibited a higher SBET value (69.69 m2/g) than SS (< 2 m2/g). Moreover, the analyses on the effects of pH show that 344 
the main adsorption of Cr(V)) occurred in acidic conditions and electrostatic attraction played an important role in 345 
binding Cr(VI) from the solution. Furthermore, anion exchange between Cr6+ oxyanions and Cl- (Khitous et al. 2016) 346 
on the MSS25 did occur.  347 
It can be observed for the EDS result in Fig. 2e (before adsorption) and Fig. 2f (after adsorption) that Cl- was 348 
replaced by Cr6+. The XRD patterns of MSS25 after adsorption revealed the changes in the MSS25 crystal structure. 349 
These results indicated that the CO32- groups and carbonate-like species in CaCO3 were replaced by anionic Cr(VI) 350 
species (CrO42-). Moreover, Cr(VI) could be reduced to Cr(III) with the assistance of π electrons on the carboxyl 351 
groups of MSS25 (peak of 1790 and 1078 cm-1 in the FTIR result; see Fig. 3). Electrostatic repulsion between the 352 
protonated hydroxyl groups occurred. Cr(III) cations was then adsorbed on MSS25 surface through substitution of 353 
Fe3+ with Cr3+ in the acidic state, complexation and formation of Cr(OH)3 (Zhou et al. 2018). The reduction of Cr(VI) 354 
to Cr(III) in acidic conditions through equations (8) and (9) written below. XRD data of MSS25-Cr also confirmed 355 
that a crystal structure formed after the reaction process with Cr(VI). Cr(VI) might also be adsorbed through the 356 
charge imbalance, vacancies, and generation of chemical bonds due to the magnetic Fe3O4 on the surface of MSS25:   357 
3Fe2++ HCrO4- + 7H+ → 3Fe3+ + 4H2O + Cr3+     (8) 358 
CrO42- + 8H+ + 3e- ↔ Cr3+ + 4H2O                    (9) 359 
 360 
4. Conclusion 361 
 362 
Magnetic snail shell (MSS25) is a promising adsorbent for removing Cr(VI) from aqueous solutions due to its low 363 
cost and good performance. MSS25 was prepared by a simple process and the adsorption process reached a fast 364 
equilibrium at 150 min. In this study, the MSS25’s adsorption capacity of Cr(VI) reached its peak in acidic 365 
conditions at pH of 2-3. The physico-chemical properties data indicated that CaCO3 and Fe3O4 were distributed 366 
uniformly on the MSS25 surface. Our results demonstrated that the maximum adsorption capacity of Cr(VI) by 367 
MSS25 significantly increased after magnetization and the Langmuir maximum adsorption capacity of MSS25 was 368 
46.08 mg Cr(VI)/g MSS25 at initial Cr(VI) concentration of 60 mg/L. The pseudo-second-order model fitted the best 369 
to this study’s experimental data. Cr(VI) was adsorbed on MSS25 via ion exchange, electrostatic attraction and 370 
adsorption-coupled reduction. The highly efficient removal of Cr(VI) by MSS25 were helped by large amounts of 371 
CaCO3 and Fe3O4 on MSS25.  372 
 373 
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